Fragmentation of bands and Fermi surfaces in stripe phase. 



O 

o 

(N 



(N 



I 

o 
o 



> 

o 
o 



o 
o 



X 



M.Ya. Ovchinnikova. 
Institute of Chemical Physics, RAS, Moscow, 119977, Kosygin str., 4- 

The mean-field study of the stripe phases of t — t' — U Hubbard model confirms formation 
of the in-gap "impurity" subbands of states localized on domain walls. For bond-aligned 
stripes it is shown that segments of the Fermi surfaces in antinodal and nodal direc- 
tions correspond to the "impurity" band or that delocalized over a whole antiferromag- 
net domain. This might explain the dichotomy between corresponding quasiparticles in 
La2~xSrxCuOi. The Fermi surface changes its topology at some doping depending on 
stripe width. Additional ordering at the domain wall should be supposed to accord the 
observed | anomaly and the stripe spacing. It is confirmed also that the diagonal stripes 
can provide the dielectric state at nonzero doping. 



PACS: 71.10.Fd, 74.20.Rp, 74.20.-z 
The angular resolved photoemission (ARPES) 
makes a direct probe of the quasiparticles (QP) in 
cuprate superconductors [1]. Thus, the d-wave su- 
perconducting (SC) gap and the pseudogap (PG) 
in normal state was measured in underdoped (UD) 
Bi-based cuprate (BSCCO). The PG opens in 
antinodal directions similarly to SC gap. There are 
many arguments [1] which connect the PG origin 
with properties of the correlated antiferromagnet 
(AF) Fermi liquid, namely, with a profile of the 
lower Hubbard band. This profile is well traced in 
undoped dielectric compounds. At small h-doping 
this profile determines a hole pockets centered at 
S{n/2, n/2) and the PG in excitation spectrum at 
k near points M(7r, 0). The homogeneous solutions 
oi t — t' — U or t — t' — J models confirm such pic- 
ture and predict a change of the FS topology from 
small hole pockets to large e-like FS. 

However the observed FS evolution with dop- 
ing contradicts the e-like FS. For La2~xSrxCu04 
(LSCO) the FS arc retains a hole-like charac- 
ter and the FS always crosses the line M(0,7r) — 
Y{n,Tr). The ARPES study of LSCO shows [2-6] 
that there are two different types of the FS seg- 
ments. The first ones are the straight segments 
parallel to CuO bonds near points M. The sec- 



ond ones are the segments of arc near the diagonal 
nodal directions with a systematically suppressed 
photoemission intensity. The dichotomy between 
the nodal and antinodal quasiparticles have been 
revealed in the UD LSCO [4,5]. An extra broad- 
ening of quasiparticles was observed starting from 
points k — (/cq, tt — fco); = 0.1757r where the FS 
turns from diagonal direction Af(7r,0) — M'(0,7r) 
to r — A/ directions. 

In [4,5] the FS behavior in LSCO was con- 
nected with the stripe phase - the structure of 
antiphase AF domains separated by domain walls 
and aligned in one direction. The experimen- 
tal evidence of such quasistatic structure comes 
from incommensurate (IC) peaks in inelastic neu- 
tron scattering. For LSCO the IC peaks have 
been observed at Q = (tt, tt) ± {S, ±S) or at Q 
(tt ± (5, tt), (tt, tt ± S) in dielectric or supercon- 
ducting phases correspondingly [7-9]. Compara- 
tive study of the IC peaks in elastic and inelastic 
scattering [10] supports the existence of slowly fluc- 
tuating stripe structures. Some features of ARPES 
spectra have also been explained by the stripes. 

Another type of the PG anisotropy have been 
predicted [11,12] and observed [13] in ARPES data 
for e-doped cuprates Ndi-xCexCu04 (NCCO) in 
UD region {x < 0.1). The e-pocket around points 
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M arise and the PG opens at diagonal direction 
in accordance with the energy profile of the upper 
Hubbard band along the boundary of the magnetic 
Brilluin zone. But at higher doping the FS man- 
ifests fragmentation onto separate segments near 
M(7r, 0) and segments at diagonal directions [14]. 
Such patch-like character of the FS was ascribed 
to coexisting e- and h-pockets in upper and lower 
Hubbard subbands [15] or to the stipes [16]. 

The aim of present work is to show that the frag- 
mentation of the bands and the FS's may be caused 
by stripe formation. For periodic stripe structure 
the FS fragmentation is due to splitting of original 
band into the several subband, unlike a splitting 
into the lower and upper subbands only in homo- 
geneous AF state. The quasi-onedimensional (ID) 
"impurity" bands are placed inside the gap be- 
tween lower and Hubbard subbands. The transfer 
of the spectral weight between bands are calculated 
and discussed in Ught of ARPES data for LSCO. 
Full population of "impurity" subband of periodic 
structure leads to the its anomalous properties at 
some doping similar to ^-anomaly in LSCO. 

Influence of the stripes on a shape of FS and 
spectral intensity map of photoemission have been 
studied earlier in [17-19]. There the stripes was 
described by a hand picked spin potential. In this 
way the bond-aligned or diagonal stripes with the 
bond- or site-centered domain walls were consid- 
ered. One of the main feature obtained was an 
appearance of the in-gap states. These states ac- 
cording [17-19] are characterized by localization 
of charge near the domain walls and quasi-one- 
dimensional (ID) type of dispersion over momen- 
tum component parallel to the stripe. 

To check a stripe phase stability and to trace 
an evolution of spectral features with doping we 
use the mean-field (MF) approach instead of the 
hand-picked stripe potential. Here we present a 
brief report of results, more details will be given el- 
swhere. Consideration is limited by periodic struc- 



tures without any disorder. Earlier [20] it was 
shown that in MF approximation a homogeneous 
AF state of the 2D t - t' - U Hubbard model is 
unstable relative to the stripe formation in case of 
the h-doping, but it remains the most stable state 
for the e-doped models. 

Consider a t-t'-U Hubbard model with the zero 
band energies . The MF approximation is insufh- 
cient to describe the superconducting (SC) pairing. 
But for simplest study of the normal state struc- 
tures we retain the original t — t' — U model. A pe- 
riodic structure is determined by two dimensional 
translation vectors Ei and Bi in direct and inverse 
lattices which satisfy the relations EiBj = 2-K5ij. 
The components of Ei Bi are in units of the cor- 
responding lattice constant a. The unit cell of 
the structure contains ric sites and the site posi- 
tions n = n{L,j) is determined by the integers 
L = (Li,Z/2) and j = {jx,jy) which determine the 
positions of the unit cell and of a site inside the 
unit cell. 

Any quasimomentum fc G G inside a full Bril- 
luin zone (BZ) of original lattice is expressed via 
momentum k reduced to the main BZ G of the pe- 
riodic structure: k = k+Bimi+B2m2- A set of in- 
tegers mi , m2 numerate all independent Umklapp 
vectors. The area of G are restricted by conditions 
\kBi\ < Bf/2. The order parameters (OP) of the 
periodic structures are the mean charges and spins 
on sites j of the unit cell 

=< I'niLJ) >; S;,j =< S^^n{L,j) > (1) 

The MF solutions for periodic structure is ob- 
tained in standard way [20]. The mean energy 
< > is an explicit function of OP (1). A 
wave function is determined by occupation of one- 
electron eigenstates xlx linearized Hamil- 
tonian Hun = X^feec^fc- The latter is divided 
into independent contributions from each reduced 
quasi- momentum k. In the momentum representa- 
tion the eigenstates are expanded over a basis set 
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of 2nc Fermi operators 

where A = 1, . . . , 2nc, Bm ~ Biirii + 52^2 and 
vectors k + Bm share all phase space G. 

The matrix of eigenvectors Wma;\ and the eigen- 
values ^ are determined by diagonalization of 
hr in the basis set „ |. The order pa- 
rameters (1) are in turn expressed via the matrix 
^ma a(^) ^'^d the Fermi functions /{Ej^^ — jj). 

The intensity of the photoemission of electron 
with a projection k of the momentum on ah plane 
and the energy uj — E — fj, is 

I{k, w) = \M{k)\^A{k, uj)f{oj) ® R^k- (3) 

It is determined by the matrix element M{k), a 
spectral density A{k, uj) and the Fermi function /. 
Usual convolution is done with the Gaussian func- 
tion [21] with parameters, which character- 
ize a finite resolution over k and energy. Here we 
take a constant value for matrix element M since 
we study an effect of the structure on the spectral 
density A. In the one-electron approximation 

Here A = 1, . . . , 2nc and index m = (mi, TO2) nu- 
merates all independent Umklapp vectors Bm. A 
standard replacement of the 5- function in Eq.(9) 
by a function with finite width Q, is implied. A map 
of I{kx,ky,uj = 0) visualizes both the main and 
shadow segments of the FS. Though the band en- 
ergies are periodic functions in k space, the inten- 
sity (3) has not such periodicity. Therefore various 
segments of the FS display themselves with differ- 
ent intensity even for the constant matrix element 
M in Eq.(3). 

Calculations were carried out for vertical stripes 
Yi with the bond-centered domain walls and spac- 
ings between them I = 4,6,8,10 (in lattice con- 
stant). The structures correspond to numbers 



Tic = 21 of sites in unit cell. The model param- 
eters arc U — 4, t' — 0.1 (in unit t). 

Fig. la presents the mean energies per one site 
as functions of doping for the vertical stripe phases 
in compare with energy for uniform AF state. For 
h-doped models (unlike e-doped ones) the stripe 
phases are more stable than AF state [20]. With 
doping the lowest structures change each other in 
the sequence YiO,Ys,Y4, but not Yq. In case of the 
stripe spacing I = 8, 10 the doping dependencies 
H{p) have a break of slope at some doping p'{l) 
at which the additional two domain walls appear 
inside the stripe width. So the width of truly AF 
domain narrows to ? = 4 or 5. But at doping p' the 
structure Y4 is lower in energy than Yio.ls- Note 
that the MF treatments gives only approximate 
sequence of most stable stripe phases. Nevertheless 
it demonstrates the preference of structure Y4 in 
wide range of doping. 

The maps of intensities I{kx, fc^ , w = 0) in Fig. 2 
present the Fermi boundaries for structure Yg. 
They are typical for all bond-aligned stripes. At 
doping p < J = I the FS consists of quasi-lD seg- 
ments near points -M(±7r, 0) and these segments 
are normal to the stripe direction. Fig. 2b presents 
the FS symmetrized over x- and ?/-aligned stripes. 
Absence of the FS at the diagonal cuts means an 
opening of the PG at the nodal direction unlike 
a standard PG at antinodal regions in BSCCO. 
For structure Y4 the antinodal parallel FS segments 
display itself in large doping range. Such behav- 
ior is consistent with the FS observed in ARPES 
spectra of the UD LSCO [4,5]. 

For the phase Yi at large doping P > j the FS 
changes its topology: the antinodal segments of FS 
disappear and the nodal FS segments arise around 
the hole pockets as it is shown in Fig. 2c. 

Origin of such behavior becomes clear from an 
analysis of the electronic bands of stripe phases 
[17]. The antinodal quasi-lD segments of FS has 
been acquired to the band appearing inside the 
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Hubbard gap. This is an "impurity" band of states 
localized at the domain walls. In [16,17] the stripes 
have been modeled by a hand picked spin potential. 
For vertical stripes this in-gap band have large 
t dispersion along y axis. The MF calculations 
of stripe phases confirm appearance of the in-gap 
"impurity" band with large dispersion. 

Figure 3 presents a map of spectral function 
A{k,oj), Eq.(2), for structure at critical dop- 
ing J3 = |. The bands of periodic structure and 
a transfer of the spectral weight between them are 
shown for k varying along the contour F— M(7r, 0) — 
Y{'7r, n). It is seen that a level of chemical potential 
falls just into the small gap between the "impurity" 
band which is fully empty at p = i and the other 
seven lower levels of " main" bands which arc com- 
pletely occupied. Corresponding states are delo- 
calized over all sites of the AF domain. At doping 
p < I the antinodal FS segments originate from 
"impurity" band, whereas at p > g the FS seg- 
ments at nodal direction are due to "main" bands 
from whole AF domain. 

More realistic description of LSCO imply an en- 
semble of quasistatic structures with stripes of dif- 
ferent width. One should also take into account 
the fluctuations of charge density over a space 
and times. Some simplified models of disordered 
stripes has been tested in [20]. The charge fluc- 
tuations or phase separation onto the poor and 
rich doping regions and variations of stripe struc- 
tures might lead to situation when both the nodal 
segments and the antinodal quasi- ID segments are 
seen in the intensity map simulteneously. 

The above analysis allows to state that different 
types of the FS segments have different origin. We 
may suppose that the antinodal segments of quasi- 
ID band are more influenced by the structure de- 
fects and impurities than the nodal FS segments 
corresponding to bands delocalized over the AF do- 
main. This may explain a difference in the shape 
of the ARPES signals obtained for these segments 



in LSCO [6,7]. In energy distribution curves the 
sharp peaks have been observed or not observed in 
the nodal and antinodal regions of k correspond- 
ingly. From the above FS fragmentation it follows 
that near the crossing points of the standard FS arc 
with the MBZ at fc ~ (tt - ko,ko), k)- ~ 0.177r, 
there is the FS regions with a suppressed photoe- 
mission intensity and with a broadened QP peak. 
In [5] such points arc called the "hot" points, since 
the broadening of the QP peak starting from these 
points are acquired to setup of additional mech- 
anism of the QP scattering. In concept of stripe 
phase, the disappearance of sharp FS at hot points 
are due to a transfer of spectral weight between the 
FS segments of different nature - from band states 
delocalized over AF domain to ID "impurity" band 
which is more sensitive to the structure defects. 

It is attractive also to search a connection be- 
tween the anomaly of electronic properties of the 
stripe structure Yg at p = g and the observed 
anomalous suppression of superconductivity and 
Tc in LSCO at such doping. If we suppose that 
the structure Yg gives the main contribution, then 
suppression of might be explained by opening 
of the PG along the whole expected FS at such 
doping in a situation when the in-gap "impurity" 
band is entirely free and the other 7 lower delo- 
calized bands are entirely occupied. However the 
argument against the structure Ig is that the IC 
peaks in inelastic neutron scattering are observed 
at momentum q = 7r(l ± 1) in difference from 
g = 7r(l ± |, 1) expected for the structure Yg with 
stripe width Z = 8. As to simple structure I4, 
one cannot expect any anomaly in its conductiv- 
ity since the "impurity" band is only half-flUed for 
the structure Y4. The idea that the observed |- 
anomaly is connected with complete occupation of 
7 bands among 8 possible bands together with the 
observed stripe width / = 4 require an assumption 
about aditional ordering the domain wall states. 
It might be an alternating of valence bonds along 
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domain wall which split the "impurity" band into 
two in-gap bands localized on the domain walls. 
A search and study of suitable models with an or- 
dered system of valence bonds in addition to the 
spin stripes are needed in order both to agree the 
^-anomaly of Tc with a stripe period and to es- 
tablish the mechanism and symmetry of the SC 
pairing in LSCO. 

It is instructive also to stress a difference be- 
tween diagonal and bond-aligned stripes. Exis- 
tence of diagonal structures in dielectric phases 
of LSCO is evidenced by peaks in INS at Q = 
{Tr±d, 7r±5) at small doping p < 0.05 [9] . We calcu- 
lated the structures Di, I = 8, 10, 20, with diagonal 
stripes and with spacing I / \/2 between the domain 
walls. Wc choose stripes with the site-centered do- 
main walls, as structures with lower energy. Corre- 
sponding translation vectors and a number of sites 
in unit cell are Ei^2 = (—1, 1), {I, I) and ric = 2Z. 

Fig.4a presents the FS segments on the map of 
intensity I{k,uj = 0) for structure Dg at doping 
p = 0.15 > J. In accordance with predictions [20] 
the FS segments are normal to the stripes. Fig- 
ures 4b, c present the band dispersions for k vary- 
ing along both diagonals as they display in the map 
of spectral functions. The "impurity" band asso- 
ciated with states localized at the domain walls 
lies again inside the Hubbard gap. Unlike similar 
band in vertical stripes, for diagonal stripes this 
"impurity" band has a small dispersion (~ t') and 
is separated from lower bands by significant gap. 
This means that at doping p = j the diagonal 
stripe phase Di would be a dielectric one since the 
entirely occupied lower bands are gaped from the 
empty "impurity" band. Such arguments first pro- 
posed in [18] explain how a dielectric phase may 
exist even at nonzero doping. Really the dielec- 
tric phase of LSCO is characterized by large mean 
spacing of domain walls I > 20 [9] . 

The question on a position of the chemical po- 
tential fi of the doped dielectic phase inside the 



Hubbard gap is actual in connection with new 
ARPES study of Ca2^xNa.^Cu02Cl2- It may be 
supposed that its position coinsides with a position 
of the "impurity" band of states localized on the 
diagonal domain walls. Then the energy E — fj, <0 
of the wide QP hamp would be determined by a 
gap between "impurity" band and the lower Hub- 
bard subbands. Then the width of the QP hump 
may reflect a degree of a stripe disorder. It would 
be interesting to search the diagonal stripes in this 
compound. A more sharp edge of the QP hamp at 
p = 0.1 might imply a unification of stripe struc- 
tures to stripe phase with definite spacing. 

In conclusion, the stripe formation leads to 
fragmentation of bands and the Fermi surfaces, 
namely, to separation of " impurity" band into the 
Hubbard gap. This quasi- ID band corresponds to 
states localized on the domain walls. For vertical 
stripes this band gives origin of antinodal segments 
of FS, whereas the nodal segments of FS are due 
to the rest lower subbands corresponding to states 
delocalizcd over the whole AF domain. Different 
nature of these FS segments might explain the dual 
charachter FS segments in UD LSCO, suppression 
of the nodal FS segments and dichotomy between 
the nodal and antinodal quasiparticles as observed 
in ARPES. 

The stripe solutions with spacing I change the 
FS topology at doping p = l/l at which the 
isotropic pseudogap is opened. In light of this ef- 
fect the I anomaly and the observed stripe spac- 
ing in LSCO imply an additional ordering (may 
be bond alternating) along the domain wall. For 
diagonal stripes the small dispersion of the in-gap 
"impurity" band can provide a dielectric phase of 
doped materials. 
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Captions to figures. 
Fig.l. 

a - the doping dependencies of the mean en- 
ergy (per one site) of the hole doped model with 
parameters U = 4.0, t' = 0.1 for homogeneous 
AF solution and for the vertical stripe phases Yi. 
The corresponding curves are marked by values 
I = 4,6,8,10. b - the same at small doping for 
diagonal stripes I?io,i?2o; dashed segment corre- 
spond to incomplete convergence of MP procedure, 
c- variations charge and spin densities (1) as func- 
tions of site number for the structures Ys and 
Dg (solid and dashed curves). 

Fig.2. 

a - the map of the photoemission intensity 
/(fc, Lu = 0), Eq.(3), displaying the FS for the stripe 
structure Ys at the doping p = 0.1<|. b - the 
same symmetrized over the x- and y- orientations 
of stripes, c - the FS for the same structure at 
p = 0.15 > g. Critical doping | corresponds to 
opening small PG along the whole expected FS. 

Fig.3. 

Behavior of bands Ex{k) — /i for structure Yg 
at critical doping p = | for k varying along the 
contour T — M{-k, 0) — Y{-k, tt) on the map of the 
spectral density (bottom) or nonweighted density 
of state (top). Horizontal line marks the level of 
chemical potential. 

Fig.4. 

a - the Fermi surfaces for diagonal stripe struc- 
ture I?8 on the map of intensity I{k,Lu) = at 
doping p = 0.15. Only the FS segments nor- 
mal to stripes manifest. b,c - dispersion of bands 
for k varying along diagonals F — !"(— tt, tt) and 
r — y(7r, tt) as seen on the map of the spectral 
function for same structure. 
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